Clinical assessments of vaccines to prevent pneumococcal community-acquired pneumonia (CAP) require sensitive and specific case definitions, but there is no gold standard diagnostic test. To develop a new case definition suitable for vaccine efficacy studies, we applied latent class analysis (LCA) to the results from 7 diagnostic tests for pneumococcal etiology on clinical specimens from 323 elderly persons with radiologically confirmed pneumonia enrolled in the Finnish Community-Acquired Pneumonia Epidemiology study during [2005][2006][2007]. Compared with the conventional use of LCA, which is mainly to determine sensitivities and specificities of different tests, we instead used LCA as an appropriate instrument to predict the probability of pneumococcal etiology for each CAP case based on individual test profiles, and we used the predictions to minimize the sample size that would be needed for a vaccine efficacy trial. When compared with the conventional laboratory criteria of encapsulated pneumococci in culture, in blood culture or high-quality sputum culture, or urine antigen positivity, our optimized case definition for pneumococcal CAP resulted in a trial sample size that was almost 20,000 subjects smaller. We believe that the novel application of LCA detailed here to determine a case definition for pneumococcal CAP could also be similarly applied to other diseases without a gold standard.
Community-acquired pneumonia (CAP) is a common illness and a significant cause of death, especially in frail populations such as the elderly. One of the most commonly detected pathogens in CAP patients is Streptococcus pneumoniae (1) (2) (3) (4) . The exact proportion of pneumococcal CAP cases in adults and the elderly is, however, unknown. Estimates vary widely, between 12% and 46%, partly depending on the population and case selection, but mainly on how the diagnosis of pneumococcal CAP is made (4, 5) . The diagnosis of pneumococcal CAP is difficult and complex for 2 reasons.
First, there is no etiological gold standard (i.e., a diagnostic test that would identify all pneumococcal cases and yet be definitive). Traditionally, positive cultures of blood and high-quality sputum have been considered specific indicators of pneumococcal etiology in radiologically confirmed pneumonia. However, only a small proportion of pneumonia cases are blood-culture positive, and a high-quality sputum sample is difficult to obtain from all pneumonia patients. The addition of serological, urine antigen, and various polymerase chain reaction (PCR) tests have been suggested to increase the sensitivity, but the specificity of these tests may be suboptimal.
Second, radiological confirmation of CAP itself is also a very difficult and resource-intensive task: Even before starting the review process, several x-ray images are typically required during the disease development for proper case confirmation, all of which need to be collected and typically transformed in digitized format in order to make them easily accessible for the reviewers.
We conducted the Finnish Community-Acquired Pneumonia Epidemiology (FinCAP Epi) study initially in order to construct a case definition for pneumococcal CAP. Our case definition and the corresponding pneumococcal CAP incidence have been published previously (1) . Here we present the methodological approach for constructing the case definition, which was optimized to facilitate conducting a potential vaccine efficacy (VE) trial. Because there is no gold standard for pneumococcal CAP, we applied latent class analysis (LCA), a statistical method for estimating the true disease status based on imperfect tests. We also took advantage of the same methodological framework to investigate whether the criteria aimed at identifying the pathogen could equally be applied to clinically suspected cases, potentially obviating the need for strict radiological confirmation.
METHODS

Pneumonia patients
The FinCAP Epi study is described more comprehensively elsewhere (1) . In brief, 490 cases of elderly patients, aged ≥65 years and with symptoms suggestive of pneumonia, were enrolled during visits to the 2 hospitals in Tampere, Finland, between May 2005 and May 2007. Radiological review was further conducted for these 490 clinically suspected CAP cases, of which 323 were considered x-ray-confirmed CAP, based on the criteria that at least 2 out of 3 reviewers classified the case as pneumonia. Patients were sampled at the acute visit for blood (for aerobic and anaerobic blood cultures), urine, nasopharyngeal swab (NPS), and sputum, as well as a venous blood sample, with a paired convalescent sample 4-8 weeks later.
Microbiological, serological, and other laboratory methods
The following assays were performed for the detection of pneumococcus: culture of blood, sputum, and NPS; quantitative real-time PCR on sputum and NPS, including pneumolysin (ply) and autolysin (lytA) target genes; antigen detection in urine by Streptococcus pneumoniae BinaxNOW (Alere Scarborough, Inc., Scarborough, Maine) and in sputum by latex agglutination and Quellung reaction; and serology for pneumococcal surface adhesin A (PsaA) and choline-binding protein A (CbpA) antigens with paired sera. In addition, clinical laboratory assays, such as a C-reactive protein test, were performed at the acute visit. For methodological details, see Palmu et al. (1) . The recently conducted Community-Acquired Pneumonia Immunization Trial in Adults (CAPITA) investigated VE against pneumococcal CAP in the elderly (6) . The case definition of vaccine-type pneumococcal CAP in CAPITA used serotype-specific urine antigen detection assay (7) . This urine test covers only 13 of more than 90 pneumococcal serotypes, and it is not commercially available; it was therefore not investigated in our study.
Latent class analysis
LCA is a statistical method for identifying unobserved disease status using the information from a set of observed tests that imperfectly measure the disease (8) . Denote X as the observable test variable, with possible realizations x = 0 or 1, and D as the unobservable true disease status. The probability (pr) of the test being positive or negative can be expressed in terms of unobserved (latent) disease status by using the rule of total probability: pr  pr  1  pr  1  pr  0  pr  0 ,  1 where pr(D = 1) denotes the disease probability, in our case the probability of pneumococcus as the causative pathogen among pneumonia patients, whereas pr(X = 1| D = 1) and pr(X = 0 | D = 0) denote, respectively, the sensitivity and the specificity of test X. More generally, these unobserved quantities (disease prevalence, specificities, sensitivities) can be estimated from data consisting of k tests (k > 2) by maximizing the likelihood of data for a given latent class model (8) .
There are several studies in which LCA has been used to estimate the test performances (5, (8) (9) (10) (11) (12) (13) , including pneumococcal CAP (5, 12, 13) . Specific approaches to LCA model building are required to achieve each goal, with a focus on the concurrent parameter(s) of interest (5) . In the FinCAP Epi study, our focus was to elaborate a case definition that would be suitable for VE trial settings. Instead of the conventional use of LCA, which is to estimate test specificities and sensitivities, we treated LCA as a mechanistically appropriate model (see equation (1)) to derive the best possible predictions for future cases. The quantity of interest in such situations is the predictive probability of an individual case being caused by pneumococcus, conditional on the observed test results. In the simplest example, this corresponds to positive predictive value: pr(D = 1|X = 1). A straightforward generalization of the positive predictive value is the predictive probability of a case being caused by pneumococcus, conditional on the whole test result profile: pr(D = 1|X 1 = x 1 , . . ., X k = x k ), where k denotes the number of tests included in LCA model.
Missing data
A ubiquitous problem in analyses of diagnostic tests is that some test results are missing. Missing data are also a special concern when determining a case definition, because they inevitably lead to a less-sensitive case definition compared with a situation in which all test results are available. Consider for example highquality sputum culture (HQSc) positive for S. pneumoniae as a case definition for pneumococcal etiology of CAP: Assume that HQSc specificity is 99% and sensitivity 80%. Further, assume that half of the cases have no high-quality sputum. The specificity of the case definition would be the same as for HQSc test (99%), but the case definition's sensitivity is half the HQSc test sensitivity (40%). In other words, missing values are automatically interpreted as negative results. Therefore, it is crucial to incorporate not only the test performances but also the information that the result is missing into the process. Fortunately, a coherent methodological framework exists for handling missing data when estimating predictive probabilities based on a likelihood-based LCA model: Consider, for example, conditional probability for a profile of 3 tests: pr(X 1 = x 1 , X 2 = x 2 , X 3 = x 3 |D = 1). Further, assume that the result of X 2 is missing (i.e., pr(X 1 = x 1 , X 2 = *, X 3 = x 3 |D = 1)), where * denotes a missing value. The likelihood can be obtained as a sum of 2 possible realizations of X 2 :
By maximizing the likelihood for both complete and partially observed test profiles in equation (2), one is borrowing strength from the complete profiles to the partially observed ones. The practical consequence of this is that if X 2 is a highly specific and sensitive test, but results are missing for a large proportion of cases, one can, for example, investigate the usefulness of a case definition "both X 1 and X 3 positive" in those with missing X 2 not by assuming X 2 to be negative but rather based on how frequently X 1 and X 3 provided support for X 2 positivity/ negativity in completely observed profiles.
LCA model building and diagnostics
Full utilization of all available tests in the modeling stage is challenging, because, for example, 10 tests generates 2 10 = 1,024 possible outcomes for an individual test profile, the majority of which would not be observed with any feasible sample size. A suitable balance is therefore needed regarding how many tests should be included in the model. One way to reduce the number of tests is to form composite variables from 2 or more tests (e.g., X 1 or X 2 positive). However, caution is needed in forming these types of variables: If their performances or, alternatively, the numbers of missing results differ between the tests, this is likely to introduce complicated dependencies in LCA modeling.
Missing test results were assumed missing at random, under which strength is borrowed from completely observed profiles to the partially observed ones (see equation (2)). Under the missingat-random assumption, the probability that a missing test is positive can differ for those with partly observed test profiles as long as this probability is equal to the probability for those with complete data, conditional on the other observed test results (5, 14) . One practical consequence of this is that if, for example, some samples are difficult to obtain from severely ill patients, and those test results that are available from these patients are more frequently pneumococcal, this type of association between missing and observed test results is inherently taken into account in the model.
All tests analyzed in this study are obviously associated with each other, because they are designed to measure the same pathogen. However, in the standard LCA model, it is assumed that dependence between the tests is fully explained by the true disease status, so that within those (unobserved) subgroups of pneumococcal CAP and nonpneumococcal CAP patients (D = 1 or 0) the tests are independent of each other (8) . In order to investigate the appropriateness of the model and the variables to be included, this standard conditional independence assumption in LCA (8) was tested by imposing local dependencies (15, 16) and by comparing the fit with the one from a standard model using the likelihood ratio test. Fit of the model to the data was assessed using a conditional likelihood ratio test (17) and scaled fit indicators (18) in order to account for missing data. For full methodological details of the model fitting, diagnostics, and handling of missing data, as well as the software used, see Snellman (19) .
Optimizing the case definition
Predictive probabilities for each of the 323 CAP cases were derived from the final LCA model fit parameters using the Bayes formula. The resulting distribution of predictive probabilities was assumed to represent the distribution of pneumococcal CAP probabilities in a future vaccine trial. By using a cutoff for the probability of CAP being caused by pneumococcus, the proportion of true and false positives and of true and false negatives could be derived for each cutoff point. The optimal cutoff was defined as the one producing the smallest sample size for a future VE trial. The central assumptions used for sample size calculation were: 1) radiologically confirmed CAP incidence 5.5/1,000 person-years (1) and 3-year follow-up, 2) VE against pneumococcal CAP of 40%, and 3) α of 5% and power of 80%. Apart from VE, altering these assumptions had no impact on the optimal cutoff. When changing the VE assumption, the optimal cutoff decreased with increasing VE. The details of the sample size calculations are presented in Web Appendix 1 (available at https://academic.oup.com/aje).
Forming a case definition based purely on predictive probabilities may be impractical. Therefore, our final case definition was based on available test combinations. The match with the predicted probabilities guided the selection of the most suitable test combination, supplemented by other empirical evidence of the test performances (1). The resulting sample size was calculated for this case definition similarly as for the cutoff points, as well as for the case definition "blood culture positive or HQSc positive or urine antigen positive," generally regarded as a specific case definition.
Sensitivity analysis of the relative gain of x-ray confirmation
The primary focus in our study was to create a case definition for pneumococcal pneumonia. We approached the case definition sequentially: first through radiological confirmation of suspected CAP cases (n = 490) and subsequently through LCA of tests among the x-ray-confirmed CAP cases (n = 323). In order to investigate the possibility that the case definition for pneumococcal CAP could be adequately defined even in the absence of radiological confirmation, we used the latent-class modeling framework described above by determining the predictive probability of pneumococcal disease among 490 suspected CAP cases, and further categorized the predictive probabilities according to radiological confirmation status.
RESULTS
Sample availability and positivity Table 1 reports the number of performed assays and the percentage of positive results for S. pneumoniae out of performed assays. More than 50% of cases were missing at least 1 test result (n = 174). Blood for serum was obtained from nearly every patient at the acute visit, but due to missed follow-up visits, paired serology results were not available for one-fifth of the CAP episodes. Sputum sample was missing from nearly one-third of the CAP episodes, which is similar to proportions reported in other studies (20, 21) .
Blood culture, generally regarded as 100% specific (12), was positive for only 9 cases. Conversely, pneumococcal culture from high-quality sputum, which is also considered highly specific, was positive in 21% of the samples obtained (1) . However, because high-quality sputum could be obtained only from approximately half of the cases (n = 170), the percentage of positive results from high-quality sputum out of all 323 CAP cases was only 11%.
Positive cultures of S. pneumoniae from high-quality and lowquality sputa showed similar concordance with other diagnostic tests if the other tests were positive. If the other tests were negative for S. pneumoniae, encapsulated pneumococci were isolated from low-quality sputum approximately half as often as from high-quality sputum (22) . This suggests that culture of low-quality sputum for demonstration of pneumococcal etiology of CAP may have low sensitivity rather than low specificity.
Latent class analysis
Because several tests (e.g., sputum culture and lytA and ply PCR) were performed on the same sample, it was important to investigate the assumption of conditional independence (6) . Indeed, complicated dependencies were found between the tests, mainly in those using samples taken from the respiratory tract. In addition, blood culture was found to be locally dependent with several tests. However, when blood culture was left out of the model, 7 of 9 cases with positive blood culture had predictive probabilities of >0.99. Hence, blood culture did not add relevant information to the predictions, but it introduced complicated conditional dependencies and was therefore left out of the final model. For the other tests to be included in the model, selection was guided by including a wide spectrum of test performances, as well as by covering all 323 cases with a reasonable amount of observed test results. Sputum culture was included regardless of quality; if only HQSc results had been used in the model, information on a large portion of the patients with sputum sample would have been omitted. Two-fold increases in PsaA and CbpA antibodies showed similar performances, being 12% and 13% positive, respectively. Furthermore, the available results were practically from the same cases. Therefore, a composite variable "at least 2-fold increase in serum antibodies against PsaA and/or CbpA" was formed.
The following variables were included in the final model: culture of encapsulated pneumococci from any quality sputum; ply PCR from sputum and NPS; lytA PCR from sputum; Binax-NOW pneumococcal urine antigen; 2-fold increase in PsaA and/ or CbpA antibodies; and C-reactive protein above 150 mg/L. Significant dependencies were found in sensitivities between culture of encapsulated pneumococci from any quality sputum and lytA PCR from sputum and in specificities between ply PCR from sputum and ply PCR from NPS. Both were plausible findings, considering the loci from where the specimens were sampled and based on the assays performed. In order to account for the dependencies, these parameters were estimated jointly (15) . The goodness of fit indicated that the final model fitted the data well (χ 2 = 91.0 with 106 degrees of freedom; P = 0.85).
The estimates of the LCA model are reported in Table 2 . True pneumococcal CAP prevalence was estimated at 24%. Each of the sputum tests performed quite differently, with culture being highly specific and, conversely, ply PCR highly sensitive. Urine antigen sensitivity was very low, which was anticipated, considering the relatively low yield of positives (10%, Table 1 ). Two-fold increases in PsaA and/or CbpA antibodies, NPS ply PCR, and especially C-reactive protein >150 mg/L were neither highly sensitive nor specific, but they provided valuable information for prediction purposes, because samples were available for 82%, 95%, and 100% of the subjects, respectively. 
Effect of antimicrobials
Antimicrobial exposure was reported in 39% of patients before sputum and NPS collection (1) . However, the prevalence of culture-based and lytA PCR tests was notably lower only in those 45 cases (14%) who had antimicrobial treatment started within 2 weeks prior to the hospital visit and still ongoing (23) . A robustness analysis was conducted to investigate the effect of antimicrobial treatment by coding the test results that are presumably affected by antimicrobials as missing (5) . No material difference in the estimates with or without excluding results affected by antimicrobials was found.
Case definition based on predictive probabilities
Predictive probabilities of the 323 confirmed CAP cases, estimated based on the LCA model in Table 2 , are depicted in Figure 1 . The majority of CAP cases could clearly be classified as pneumococcal CAP or nonpneumococcal CAP according to the pneumococcal CAP probabilities: More than 15% of the CAP cases had pneumococcal CAP probability above 99% and almost 70% below 10% (Web Table 1 ).
The optimal cutoff for the predictive probability, minimizing the sample size for purposes of a vaccine trial, was estimated to be between 44%-52% (no cases within that interval). When assuming 90% VE, the optimal cutoff was 35%-38%, and with 99% VE, it was 24%-30%. Using these predictions, laboratory criteria were derived for pneumococcal CAP:
• Encapsulated pneumococci cultured from blood OR • Encapsulated pneumococci cultured from high-quality sputum OR • At least 2 of the following:
○ Urine pneumococcal antigen positive ○ At least 2-fold increase in anti-PsaA and/or anti-CbpA ○ Detection of pneumococci from any quality sputum or NPS, by culture (encapsulated) or lytA PCR
The fit of the suggested laboratory criteria with the predicted probabilities is depicted in Figure 1 with the optimal cutoff minimizing the sample size for a VE trial. The 1 case with low predictive probability ( Figure 1A) had results available for all tests: The case was positive in sputum lytA PCR and had more than 2-fold increase in anti-PsaA and/or anti-CbpA but was negative in every other test result. The cases with high predictive probabilities but not fulfilling the case definition ( Figure 1B) were typically missing results for several tests and were often positive in sputum tests (both culture and PCR).
Applying the LCA analysis framework to a population of suspected CAP cases
We also fitted the model to all 490 suspected CAP cases regardless of x-ray confirmation, and we investigated the distribution of predictive probabilities among confirmed ( Figure 2A ) and nonconfirmed CAP cases ( Figure 2B ). In the group of nonconfirmed CAP (n = 167), all but 5 cases had a probability below 0.5 ( Figure 2B ). These 5 cases were also the only ones who fulfilled our laboratory criteria in the group of nonconfirmed cases.
Trial sample size based on different case definition scenarios
Relevant quantities for a vaccine trial are presented in Table 3 and compared with different case definitions. Because none of the case definitions is perfect, the observed VE does not match the true VE (40%) due to misclassification. The optimal cutoff case definition was defined so that cases with predictive probability >52% were defined as pneumococcal CAP. Out of the 3 compared choices, this case definition has the highest prevalence and, by definition, also the lowest sample size. Our suggested case definition and the "blood culture positive or HQSc positive or urine antigen positive" case definition both have similar prevalence, but the observed VE in our case definition is higher. In addition, the sample size is 17,000 lower with our suggested case definition. When the case definition was applied to the whole set of suspected CAP cases (n = 490), the sample size was estimated at 74,000.
DISCUSSION
The primary aim of the FinCAP Epi study was to develop a case definition for pneumococcal pneumonia suitable for a vaccine trial. Based on our estimated predictive probabilities, the causal pathogen in the majority of CAP cases could be clearly classified as pneumococcal or nonpneumococcal. For example, 13% could be classified as being caused by pneumococcus based on positive results from a culture of blood or high-quality sputum (1). However, blood culture lacks sensitivity, and half the cases were missing high-quality sputum. Therefore, we added further criteria to our case definition, in which 2 test results from different loci were required. Based on our model predictions, this case definition resulted in a sample size requirement for a vaccine trial that was almost 20,000 subjects lower than the more conventional "blood culture positive or HQSc positive or urine antigen positive" definition. We used LCA to derive our case definition. Alternatives to LCA modeling for evaluation of test performances and for constructing the case definition have been suggested, mainly by means of descriptive analysis, using cross-tabulations of individual tests. For example, composite reference standard is a special case of such a method, based on user-defined gold standard (24) . The drawback of these alternative methods is that there is no objective tool to derive the gold standard. For example, in a case where a highly sensitive new assay is compared with a poorly sensitive gold standard, some true positive cases in the new assay would be considered as false positives; thus, the new assay would be interpreted as unspecific rather than highly sensitive.
Furthermore, comprehensive ways of handling missing data are not generally incorporated into these alternative evaluations. As demonstrated in this study, missing data cause complications in exploratory analysis, model estimation, and diagnostics, and especially in construction of a case definition. In our exploratory analysis, by means of cross-tabulations, we have, for example, investigated the impact of sputum quality on the specificity and sensitivity of the test result (22) . To complement these analyses, we applied a comprehensive methodological framework through LCA. In addition, instead of focusing on individual test performances, we used LCA as a convenient tool to utilize the entire test result profile and to borrow strength from completely observed profiles to those that were not fully observed.
Our LCA model consisted of 4 tests from respiratory tract samples, 3 of which were from sputum. This implies dominance of sputum samples in the estimation of gold standard, which may call into question the validity of the LCA model. However, as Table 2 showed, the performance of the tests from the respiratory tract varied considerably. In addition, local dependence structures were imposed between these tests, which reduces the individual contribution of each test to the model. Finally, in construction of our laboratory criteria we required that a sputum test (other than HQSc) needed to be supported by positive result from another locus. Ideally, having more test results from different loci would have increased the power and validity of our model. Based on our modeling experiences, we identified 2 central guidelines for a design of any study trying to develop a case definition based on imperfect tests: 1) the more loci from which the sample could be obtained, the better; and 2) include tests with wide range of performance, both for sensitivity and specificity, in the LCA model. In order to increase the former, we further obtained oropharyngeal samples from the second-year CAP cases, but the yield from oropharyngeal culture proved to be too low to make any significant contribution to the case definition analysis (25) . In addition, several modifications to the BinaxNOW antigen test for urine were performed in order to increase the relatively low yield of BinaxNOW (26) . Concentration of urine with reading of results at 60 minutes showed some promise (26) , but this was not used in the model for prediction purposes because results were available only for a subset of samples.
Interestingly, when applying our method to suspected cases regardless of x-ray confirmation, our laboratory criteria worked as a useful tool not only to distinguish pneumococcal from nonpneumococcal cases but also to distinguish x-ray confirmed CAP from nonconfirmed CAP among patients with clinically suspected CAP. At least in this study population, only a few suspected, but not radiologically confirmed, CAP cases would have been classified as pneumococcal CAP, if the case definition had consisted solely of clinical suspicion of CAP and the laboratory criteria proposed here, without also requiring radiological confirmation. And the predictive probabilities suggested that, although these cases could not be conclusively classified as CAP cases, it is quite plausible that pneumococcal vaccine would be effective in preventing such cases.
In summary, our focus here was to present a general methodological framework for constructing the case definition for a vaccine trial, minimizing the sample size needed. We demonstrated the feasibility and the benefits of the approach, through a practical example of how to utilize a combination of routinely available assays in the most optimal way. We believe this approach could be used for any set of tests, and could be applied to other diseases as well. 
